Epidemiological studies clearly show an increased incidence of respiratory infections and community-acquired pneumonia (CAP) in smokers. Cigarette smoking is also a significant risk factor for invasive pneumococcal diseases (IPDs), leading to meningitis and sepsis. Moreover, the natural course of chronic obstructive pulmonary disease, a spectrum of lung disorders found predominantly in smokers, is punctuated by periods of disease exacerbation caused most frequently by microbial infections. Overall, these infectious episodes contribute to decreased quality of life and mortality, and place a large burden on healthcare systems. In this article, we review how cigarette smoke affects bacterial-host interactions in the upper and lower respiratory tract. We show that smoking affects multiple facets of bacterial-host interactions and postulate that these changes predispose to infection, as smokers fail to control colonizing bacteria in the upper respiratory tract (URT). Hence, we propose that targeting nasal bacterial colonization offers a novel therapeutic avenue to prevent subsequent disease pathogenesis. (BRN Rev. 2017;3:192-203) Corresponding author: Martin R. Stämpfli, stampfli@mcmaster.ca 
INTRODUCTION
Cigarette smoking is well known to cause chronic respiratory and cardiovascular disorders, as well as cancer 1, 2 . Although less appreciated, the epidemiological evidence for cigarette smoking as a risk factor for various bacterial infections is overwhelming [3] [4] [5] [6] [7] [8] [9] . Smoking has long been associated with community-acquired pneumonia (CAP) and significantly increases CAP-associated mortality 3, 10 . Moreover, exposure to secondhand smoke (passive smoking) also predisposes to respiratory infections 11 . Additionally, smokers are at increased risk of Legionnaires' disease, tuberculosis, meningococcal disease, otitis media, periodontal disease, and invasive pneumococcal disease (IPD) [4] [5] [6] [7] [8] [9] ( Fig. 1) . Notably, the bacterial pathogens associated with these conditions typically enter through the upper respiratory tract (URT) prior to dissemination into the lungs or bloodstream, where disease occurs. While emphasis needs to be placed on reducing smoking prevalence, a greater understanding of mechanisms contributing to disease is equally relevant as the World Health Organization estimates that over one billion of the world's population continue to smoke.
BACTERIAL COLONIZATION OF THE URT
The URT is colonized by a commensal bacterial microbiome that frequently includes opportunistic pathogens, such as Haemophilus influenza, Moraxella catarrhalis, and Streptococcus pneumoniae, even in healthy individuals 12 . Nasal colonization by opportunistic pathogens is largely asymptomatic, but considered a prerequisite for bacterial invasion into other tissue sites, such as the lungs and blood, where infectious disease onset can occur 13 . Physical and mechanical barriers, such as mucociliary clearance, as well as innate and adaptive host defence mechanisms are critical to the containment and elimination of pathogenic bacterial colonization at the URT mucosa.
Nasal colonization is considered the first step of bacterial dissemination and infectious disease pathogenesis 13 . Smokers are widely reported to have higher incidences of asymptomatic nasal colonization by opportunistic pathogens [14] [15] [16] . In a study examining nasopharyngeal bacterial cultures from smokers and non-smokers, increased recovery of pathogens, including S. pneumoniae, H. influenzae, M. catarrhalis, and S. pyogenes, were observed in smokers 14 . Highly sensitive, global sequencing approaches also confirmed an increase in the presence of potential pathogens such as Staphylococcus aureus, as well as the Streptococcus and Haemophilus bacterial genera in the URT of smokers 15, 16 . These observations also extend to passive smoking, which increases pneumococcal carriage 17 . Of note, smoking cessation was associated with reduced occurrences of nasopharyngeal pathogen isolation 18 . As increased incidences of nasal pathogen colonization are associated with higher frequencies of bacterial infection in smokers, several mechanisms underlying increased nasal pathogen acquisition have been investigated (Fig. 2) .
MECHANISMS OF INCREASED NASAL PATHOGEN COLONIZATION

Microbiome dysbiosis
The human microbiota plays an important role in health and disease. A variety of bacteria colonize the skin, as well as mucosal surfaces of the body including the oral cavity, gut, vagina, and respiratory tract 19 . These microbes react to and influence the microenvironment that they occupy as they interact with each other and the host 20 . The microbiota plays an important role in food metabolism, modulates the host immune system, and, in addition, offers protection from pathogen invasion by competition, termed "colonization resistance" 21 . Hence, increased pathogen acquisition in the URT of smokers may occur as a result of a perturbation of the nasal microbiota, and compromised colonization resistance 14 .
Smokers are reported to have microbial dysbiosis that could compromise colonization resistance [14] [15] [16] . Increased recovery of opportunistic pathogens from the URT of smokers is associated with a decreased incidence of other commensal bacterial isolates, including α-hemolytic and non-hemolytic streptococci, as well as Prevotella and Peptostreptococcus capable of competing with pathogen growth 14 . Overall, the resident nasal microbiota of smokers was less able to inhibit pathogenic bacterial growth as compared to that from non-smokers 14 . Sequencing studies found an increased abundance of Firmicutes, including Streptococcus, in both the nasopharynx and the middle meatus of smokers while a reduction in Actinobacteria, such as P. acnes and Corynebacterium was reported 15, 16 . Of note, Corynebacterium may play a protective role against the onset of otitis media, and was associated with decreased S. pneumoniae colonization in 22 . Smoking cessation restored the presence of pathogen-interfering nasal bacterial isolates, accompanied by reduced occurrences of nasopharyngeal pathogen isolation 18 . These reports suggest that microbiome dysbiosis and compromised colonization resistance in human smokers contribute to increased pathogen colonization at the URT.
Although highly informative, microbiome studies in human smokers are largely descriptive and cross-sectional. Furthermore, since the URT of smokers already have increased pathogen abundance compared to non-smokers, it is unclear whether microbial dysbiosis (as compared to non-smokers with lower pathogen acquisition) is associated with cigarette smoke exposure alone and present prior to the establishment of pathogen colonization or a consequence of higher nasal pathogen burden. For example, it has been shown that experimental nasal pneumococcal carriage alone in human non-smokers is sufficient to alter the microbiome, with decreased Corynebacterium abundance compared to baseline 23 .
Our laboratory recently investigated the effect of cigarette smoke exposure on the nasal microbiome in the absence and presence of nasal colonization by an opportunistic pathogen, S. pneumoniae, in an experimental mouse model. Although we observed an enrichment in several bacterial genera containing potential pathogens, such as Fusobacterium, Gemella, and Neisseria in smoke-exposed mice, the presence of established nasal pneumococcal colonization was required for these changes in nasal bacterial community to occur (manuscript in submission). Importantly, we showed that cigarette smoke exposure alone was not sufficient to alter the composition of the nasal microbiota. Microbiome composition was also unchanged during early S. pneumoniae colonization in smoke-exposed animals, suggesting that cigarette smoke exposure did not impair the ability of the microbiome to resist initial nasal pneumococcal acquisition. Based on these findings, observations of nasal microbiome dysbiosis in human smokers can be attributed to subsequent disturbance of URT microbial communities by established nasal pathogen colonization. Interestingly, we observed that a consequence of established pneumococcal colonization in cigarette smoke-exposed mice was a synergistic interaction between S. pneumoniae and several other potential pathogens, consistent with previous observations of increased pathogen isolation from current smokers 14 . Whether cigarette smoke directly drives synergistic interactions between pathogens following established nasal pneumococcal colonization remains to be determined.
Physical and mechanical barriers
A critical first line of defence against bacterial infection from colonizing pathogens is the physical barrier of the respiratory tract, consisting of a mucus layer, the respiratory epithelium, goblet mucus cells and basal cells, and the basement membrane 24 . Epithelial cells are physically connected by tight and adherent junctions that prevent pathogen transcellular entry across the epithelium 25 . Cigarette smoke exposure decreases tight junction protein transcription and disrupts cell-to-cell contacts in human epithelial cells, compromising epithelial barrier integrity which may facilitate paracellular pathogen invasion 26 .
Ciliated regions of the airways contain goblet cells and submucosal glands that secrete mucus, a viscous mixture composed of glycoproteins, proteoglycans, lipids, and other proteins 27 . Mucus forms a layer over the epithelium to trap noxious substances, particles and microbes, preventing contact of infectious microbes with the epithelium. The synchronized beating of cilia and mucus production at the airway epithelium together contribute to mucociliary clearance, a critical aspect of the respiratory host defence against microbial infection 28 . The efficiency of mucociliary clearance is dependent on the amount and composition of mucus produced, cilia length and density, as well as ciliary beat frequency 27 . Therefore, any perturbation of mucus production and cilia function may increase the time period of contact between the nasal mucosa and potential infectious microbes, increasing the risk of pathogen colonization and subsequent infection.
Cigarette smoke exposure alters respiratory mucociliary function, compromising the nasal clearance of pathogens. Smokers develop goblet cell hyperplasia and are prone to developing chronic mucus hypersecretion 29, 30 . Mucus from smokers are also more dehydrated compared to non-smokers, leading to mucus stasis 31 . In addition, there is a loss of ciliated epithelial cells, and smokers have significantly decreased nasal ciliary beat frequency 32 . Functional tests showed impaired mucociliary clearance in smokers as assessed by saccharin nasal transit time 33 . Thus, mucus stasis induced by cigarette smoking likely facilitates bacterial colonization of the respiratory epithelium and increases the risk of bacterial infections. Indeed, a mouse model of mucus stasis showed increased susceptibility to respiratory tract infection 34 .
Contrary to these reports, we found no significant impact of short term cigarette smoke exposure on either the nasal clearance or bloodstream uptake of 99m Technetium-diethylene triaminepentaacetic acid ( 99m TC-DTPA) following delivery to the upper airways in mice 35 . Clinically, faster clearance of 99m TC-DT-PA through the blood is indicative of compromised epithelial barrier function 36 . Our Pamela Shen, Martin R. Stämpfli: Smoking and Bacterial Infection finding implies that acute cigarette smoke exposure did not compromise either nasal clearance or URT epithelial barrier integrity in mice 35 . It may be that longer-term cigarette smoke exposure is required to impact nasal clearance. Along these lines, cigarette smokeexposed mice were reported to have no significant decrease in ciliary beat frequency until after six months of cigarette smoke exposure 32 . However, S. pneumoniae has been observed to both decrease ciliary beat frequency in the human mucosa and down-regulate nasal tight junction protein expression in mice 37, 38 . Therefore, it is plausible that the combination of cigarette smoke exposure, even for a short time, and pathogenic bacterial colonization in the upper airways lead to synergistic effects that compromise nasal clearance and epithelial barrier integrity, although this hypothesis has yet to be investigated.
Bacterial adherence
Cigarette smoke exposure has been reported to increase direct bacterial adherence to host cells, facilitating the establishment of pathogen colonization 39, 40 . For example, S. pneumoniae is known to bind several host receptors including the platelet activating factor receptor (PAFR) and polymeric immunoglobulin receptor (pIgR) 41, 42 . PAFR is increased in the lungs of smokers and cigarette smoke-exposed mice 43 . S. pneumoniae interacts with the PAFR via a phosphorylcholine moiety (ChoP) that mimics the molecular structure of platelet activating factor, the endogenous ligand to PAFR 44 . After adherence, S. pneumoniae has been shown to invade host cells via the PAFR following cellular activation by several cytokines, including interleukin-1 alpha (IL-1α), and IL-1 administration to rabbits increased lung pneumococcal burden in a PAFR-dependent manner 42 . Pre-treatment with a PAFR antagonist also attenuated lung infection with ChoP-containing strains of Pseudomonas aeruginosa in mice 45 . Additionally, both heart microlesion formation and translocation across the bloodbrain barrier by S. pneumoniae was PAFR dependent in mice 46, 47 . We recently showed that cigarette smoke exposure predisposed to IPD in mice independent of both PAFR and IL-1α. Although PAFR may still be potentially involved in pneumococcal dissemination from the lungs following cigarette smoke exposure, our data suggest it played no significant role in promoting invasive disease following nasal colonization 35 . Interestingly, direct translocation of bacteria into human nasal epithelial cells has also been shown to be dependent on pIgR 41 . Smokers and early chronic obstructive pulmonary disease (COPD) patients have been reported to have higher lung pIgR levels 48 . However, others reported downregulation in COPD patients 49 . Overall, although PAFR is involved in lung infection and IPD, it played little part in URT bacterial dissemination. There is also contradictory data regarding pIgR expression levels in smokers and COPD patients. Whether cigarette smoke exposure increases bacterial binding to these host receptors, thus contributing to colonization and invasive disease remains to be investigated.
BACTERIAL DISSEMINATION FROM THE URT
Bacteria found in the lungs resemble that of the URT, suggesting microbes are constantly being introduced to the lungs from URT colonization 50 . Not surprisingly, the increased incidence of lung colonization by opportunistic bacteria found in smokers is mirrored by higher recovery rates of the same bacteria colonizing their nasopharynx 14 . It is plausible that bacterial-host interactions are altered in smokers, compromising the containment of bacteria in the URT and predisposing to CAP and IPD. Along these lines, we have shown that cigarette smoke exposure predisposed mice to IPD following nasal pneumococcal colonization 35 . This mirrored clinical observations that smokers are over-represented in a population of IPD patients at 58%, as compared to 24% of control healthy individuals 8 . Alarmingly, even passive smoke exposure increases invasive disease in children and adults 8, 51 . Similar to bacterial colonization, we have shown that the effect of smoking is reversible as smoking cessation rescued mice from IPD 35 . Mechanisms of bacterial dissemination are currently not well understood. Clinically, dissemination likely occurs via the lung, as occult bacteraemia is relatively rare (2.8% of emergency department bacteraemia cases) 52 . Overall, these observations suggest that following nasal pathogen acquisition, cigarette smoke exposure increases the risk of bacterial dissemination and disease (Fig. 3) .
MECHANISMS OF INCREASED BACTERIAL DISSEMINATION FROM NASAL COLONIZATION
The URT host response to bacteria
In the URT of naive mice, a rapid influx of neutrophils is induced by S. pneumoniae, followed by gradual and sustained recruitment of monocytes/macrophages important in resolving colonization 53, 54 . Although neutrophils do not directly reduce bacterial burden, they play a role in antigen priming of adaptive immunity that impacts later Th17-dependent macrophage-mediated clearance of colonizing pneumococci 53, 54 . Importantly, we observed an impaired ability of cigarette smoke-exposed mice to recruit neutrophils in response to pneumococcal colonization 35 . Specifically, Strikingly, the effect of cigarette smoke is similar to targeted neutrophil depletion, which had no immediate impact on nasal bacterial burden, but predisposed mice to IPD 54 . Cigarette smoke may thus predispose to IPD by impairing the neutrophilic response induced by nasal pneumococcal colonization. We also reported delayed nasal bacterial clearance following cigarette smoke exposure in mice, consistent with reports of increased incidences of pneumococcal nasal colonization in adolescents exposed to passive smoke 17, 35 . Thus, another consequence of an attenuated nasal host response is prolonged nasal colonization, increasing the time period in which individuals are at risk of developing IPD. Restoring inflammatory responses to pathogenic bacteria in the URT is a potential therapeutic approach to decreasing the rate of infection in smokers.
Cigarette smoke and bacterial virulence
Enhanced bacterial virulence is another potential contributing factor for increased bacterial dissemination from the URT of smokers. In particular, cigarette smoke has been observed to affect biofilm formation in several bacterial species. Adherence to the host epithelium and the establishment of a biofilm is believed to be required for successful nasal colonization of the host [55] [56] [57] . This is demonstrated by impaired nasopharyngeal colonization in mice inoculated with biofilm-defective mutant pneumococcal strains 55 . The biofilm state offers several advantages for microbial survival, as demonstrated by greater antibiotic tolerance, a stable protective environment, and shorter bacterial replication time. The biofilm also acts as a reservoir from which large populations of the bacteria can disseminate into new host tissues 58 .
Cigarette smoke exposure has been described to affect microbial biofilm formation, adherence, and gene expression [59] [60] [61] [62] . P. aeruginosa, S. pneumoniae, and S. aureus biofilm formation was enhanced following cigarette smoke exposure in vitro 59, 61, 62 . Genes related to detoxification, oxidative stress, DNA repair, and virulence in Porphyromonas gingivalis were increased in response to cigarette smoke extract (CSE) 60 . CSE was also shown to enhance S. aureus adherence to host cells and virulence factor expression 61 . These reports of altered microbial gene expression and biofilm formation may explain the increased risk of bacterial infections in smokers. However, a limitation of these studies is the use of in vitro systems, which may lack physiological relevance [59] [60] [61] [62] . Validation of cigarette smoke's effects on microbial virulence in humans and animal models of disease is warranted.
CIGARETTE SMOKE ALTERS THE LUNG BACTERIAL HOST RESPONSE
Similarly to observations in the URT, cigarette smoking facilitates lung bacterial colonization. 42% of otherwise asymptomatic smokers were found to be culture positive for potentially pathogenic bacteria, such as H. influenzae, S. pneumoniae, and M. catarrhalis, while nonsmokers were all culture negative 63 . Moreover, the presence of these pathogens was associated with increased levels of TNF-α, IL-8, and increased percentages of neutrophils in the bronchoalveolar lavage (BAL) fluid 63 . It is plausible that the increased presence of bacterial pathogens in the lungs is a reflection of increased dissemination from the URT, but impaired lung mucociliary clearance and attenuated alveolar macrophage (AM) responses are also likely contributing factors. Cigarette smoke-induced mucus hypersecretion and airway plugging may trap aspirated bacteria in the lungs 64 . Bacterial persistence could also be due to a decreased ability of human AMs to phagocytose and mount appropriate cytokine responses to bacterial pathogens 65, 66 . These altered lung host responses are also thought to promote pneumonia pathogenesis in smokers 11 .
Contrasting findings in the URT, cigarette smoke exposure is associated with an exaggerated lung host response to bacterial infection, characterized by exacerbated inflammation and increased lung damage in both humans and mice 63, 67, 68 . It is plausible that chronic and repeated exposure to pathogenic bacteria in smokers contributes to a decline in lung function. In support of this hypothesis, we showed that repeated nontypeable Haemophilus influenzae (NTHi) lung infection in the context of continuous cigarette smoke exposure led to increased lung compliance and airspace enlargement in mice 68 . It has been proposed that this vicious circle of bacterial colonization, inflammation, and lung damage likely contributes to the pathogenesis of COPD (reviewed in detail in Sethi S et al. 69 ). The vicious circle hypothesis may also apply to passive smoke exposure, which is associated with lung inflammation, respiratory infections, and COPD development 11, 70 .
Importantly, smoking cessation is considered an effective therapeutic treatment for COPD 71 . Experimentally, we showed that 4 weeks of smoking cessation in mice restored AM TNF-α expression in response to lipopolysaccharides (LPS), suggesting that altered lung host responses may be reversible upon smoking cessation for a sufficient period of time 72 . Further research is warranted to elucidate how smoking alters the lung host response to bacterial infection and contributes to COPD development.
Mechanistically, cigarette smoke exposure induces neutrophil recruitment into the lungs dependent on IL-1 receptor (IL-1R)-1 signalling 73 . Activation of the IL-1R1 leads to myeloid differentiation primary response gene 88 (MyD88)-dependent signalling and promotes pro-inflammatory gene transcription through nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and mitogen-activated protein kinase (MAPK) activation. Both IL-1α and IL-1β, can activate IL-1R1. Precursor IL-1α is biologically active as a 31kDa protein. In contrast, IL-1β is initially synthesized as pro-IL-1β (also 31kDa), which is biologically inactive and requires proteolytic cleavage by the cysteine protease caspase-1 for its activation. Caspase-1 is, in turn, activated by the inflammasome, a multi-protein complex consisting of a member of the Nod-like receptor (NLR) family and the adaptor protein apoptosis-associated speck-like protein (ASC) 74 . We showed cigarette smoke-induced inflammation to be IL-1α, but not IL-1β dependent in mice 73 . Furthermore, chimeric mouse studies suggest that AMs are the cellular source of IL-1α, which activates IL-1R1 within the structural cell compartment, likely the epithelium, to release neutrophil-recruiting chemokines in response to cigarette smoke 68, 73 . This IL-1α response in AMs from smoke-exposed mice is further amplified in response to NTHi stimulation, and drives exacerbated neutrophilia in vivo. Downstream of IL-1R1 signalling, exacerbated neutrophilia correlated with levels of CXCL5, and was CXCR2-dependent 68 . How cigarette smoke exposure elicits AMs to produce IL-1α remain unclear. However, we have reported a potential role for damaged lipids, specifically oxidized low-density lipoproteins (OxLDL) uptake by AMs, in inducing this process 75 . Thus, cigarette smoke exposure elicits an IL-1α response in the lungs, which is further exacerbated by bacterial infection, leading to excessive neutrophilia associated with lung damage (Fig. 4) . This altered lung response may underlie the development of COPD, as well as bacterial exacerbations of disease.
CONCLUSIONS
Cigarette smoke alters bacterial-host interactions in the respiratory tract to promote disease. Smokers have increased frequencies of acquiring URT pathogenic bacteria. This may be attributable to the impact of cigarette smoke on bacterial-bacterial interactions within the microbiome; specifically, cigarette smoke exposure may provide advantages for synergistic interactions between colonizing pathogens. Other contributing factors to increased URT pathogen acquisition include impaired mucociliary clearance, and increased bacterial adhesion to host cells. Once colonization is established, smokers are predisposed to bacterial dissemination from the URT. In mice, the increased risk of IPD following cigarette smoke exposure is associated with attenuated nasal inflammatory responses normally induced by bacterial colonization. Enhanced bacterial virulence in smokers may also play a role. The higher risk of bacterial dissemination from the URT of smokers is reflected in a higher proportion of smokers with pathogenic bacterial lung colonization compared to non-smokers. Impaired lung mucociliary clearance and attenuated AM responses also contribute to lung colonization. Furthermore, smoking alters the lung host response to bacteria, even in asymptomatic smokers, to increase inflammation. This altered host response has consequences for the pathogenesis of COPD. Cigarette smoke primes the lungs towards IL-1α-dependent excessive neutrophilia. We speculate that repeated lung bacterial stimulation in smokers leads to lung damage, decline in lung function, and potentially the development of COPD. Notably, this process may also underlie acute bacterial exacerbations of COPD. Further understanding of how cigarette smoke impacts the URT host response is warranted. Control and containment of bacterial colonization, the first step of disease, is an attractive therapeutic goal that can reduce subsequent steps of disease in smokers and COPD patients.
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